
Were Grown.” C‘.S.D A .  Misc. Publ . .  
S o .  369 (1941). 

D a i r y  Sc i .  34, 396-403 (1951). 
(2) Bentley, 0. G., Phillips, P. H.. J .  

(3) Brown, J. C., Holmes; R .  S. .  Specht. 
A4. W.. P l a n t  Phys io l .  30, 457-62 
(1955). 

(4) Dick. A. T.,  in “Inorganic Sitrogen 
Metabolism,” W. D. McElroy, B. 
Glass, eds.. pp. 445-73, Johns Hopkins 
Press, Baltimore: Md., 1956. 

(5) Drake, C. ,  Grant, A. B.. Hartley, 
W. J., AVew Z e a l a n d  I’et. J .  8, 4-6 
(1960). 

(6) Dye. W. B., O’Hara, J. L.: .\-evada 
A g r .  E.xpt. S t a .  B u l l .  208, 1-32 (1959). 

(7) Gallup, W. D.. Norris, L. C.. Poultry 
Sei. 18, 76-82 (1939). 

(8) Gerretsen, F. C., -4nn. Botany  ( L o n -  
d o n )  1, 207-30 (1937). 

(9) Grummer, R. H.. Bentley. 0. G., 
Phillips, P. H.?  Bohstedt, B.. J .  A n i m a l  
Sci. 7, 527 (1948). 

(10) Hamner, K .  C., Soil Sei. 60, 165-71 
(1945). 

(11) Higgins, E. S. .  Richert. D .  A..  
Westerfeld, Mi. W., J .  AVutrition 59, 

(12) Hill, C. H., Matrone, G.: Ibid.? 73, 

(13) Kubota, J., Lazar, V. A,.  Langan. 
L. N.. Beeson. K .  C.: Soi l  S e i .  S O C .  A4m. 
Proc. 25, 227-32 (1961). 

(14) Leach, R.  M.? Jr., Turk, D.  E., 
Zeigler, T. R . ,  Norris. L. C.. Poultry 

539-59 (1956). 

425-31 (1961). 

Sci., 41, 300-4 (1962). 
(15) Leeper, G.  W., Proc. R o y .  Sor. 

Victoria 47, 225-61 (1935). 
(16) Lowe: R. H.. Evans, H .  J.. .4hmed, 

S., Biochem.  Biophys .  Research Communs .  

(17) Masse);, H. F.. Lowe. R .  H. ,  Soil 
S c i .  Soc. Am. Proc. 25, 161-2 (1961). 

(18) Mederski, H .  J.. Hoff, D. J., in 
“Trace Elements.“ C. .4. Lamb, 0. G. 
Bentley, J. M. Beattie. eds., pp. 99- 
108, Academic Press, Yew York: 1958. 

(19) Miller, D.  F. ,  “Composition of 
Cereal Grains and Forases.” .\‘atl. 
d e a d .  Sei.- L\ratl. RPsParch Council ,  P u b l .  
585 (1958). 

(20) Mitchell. R .  L.. Reith. J. FV. S., 
Johnston, I. M.. “.4nalyse des Plantes 
et Problemes des Engrais Mineraux,” 
Ins t .  de Recherrhes pour  les H u i l e s  et 
Ol tagineux .  2, 249-61. Paris, 1956. 

(21) Muth, 0. H. .  Oldfield. J. E.: 
Remmert. L. F.. Schubert. J. R . .  
Science 128, 1090 (1958). 

(22) Nesheim, M. C.. Scott, M. L., J .  
n‘ulrition 65, 601-18 (1958). 

(23) O‘Dell, B. L.. Yohe. J. M.. Savage, 
J. E., Poultry Sci. 40, 1438 (1961). 

(24) Patterson, E. L., Milstrey. R., 
Stokstad, E. L. R.: Proc. SOC. E x p t l .  
B i o l .  M e d .  95, 617-20 (1957). 

(25) Piper, C. S . .  Beckwith. R .  S., 
“The Uptake of Copper and Molyb- 
denum by Plants.” in the proceedings 
of a specialist conference in agriculture 

3, 675-8 (1960). 

M I C R O N U T R I E N T  A V A I L A B I L I T Y  

Chemistry and Availability 
Micronutrients in Soils 

of 

entitled. ‘.Plant and Animal Nutrition 
in Relation to Soil and Climatic 
Factors,” pp. 1-1 3. Melbourne. .4us- 
rralia, 1949. 

(26) Plumlee, M. P., Thrasher, D.  M.: 
Beeson. h’. M.: Andrew,  F. N.. 
Parker. H .  E . .  J .  i l n i m a l s c i .  15. 352-67 
(1956). 

(27) Proctor. J. F.. Hogue, D.  E.. 
Warner. R. G. ,  Zbid.. 17. 1183-4 
(1 958). 

(28) Russell, F. C., Duncan, D.  L.. 
Commonweal th  B u r .  A n i m a l  .\-utrition 
(Gt. B r i t . )  T e c h .  C o m m u n .  15, 83-8 
(1956). 

(29) Samuel, G. .  Piper, C. S.? A n n .  .4ppl. 
B i o i .  16, 493-524 (1929). 

(30) Schwarz. K., Foltz, C. M.. J .  Am.  
C h e m .  Soc. 79, 3292-3 (1957). 

(31) Somers. I .  I.: Shive, J. W.. P l a n t  
Physiol.  17, 582-602 (1942). 

(32) Trelease. S. F., Beath, 0. A., 
“Selenium,” pp. 1-292. publ. by 
authors. Sew York, 1949. 

(33) Underwood, E. J., “Trace Ele- 
ments.” .4cademic Press. Xew York, 
1956. 

Received f o r  reiieu, October 23, 1961. .IC- 
cepted January 8, 1962. Division of Fertilizer 
and Soil Chemistry, 740th  Meeting, ACS, 
Chicago. I l l . ,  September 1961. W o r k  done at 
a laboratory o f  the Soil and Water  Conseroation 
Resrarch Division, Agricultural Ruearch  Seriict . 
1% S. D e p a r f m m t  of Agriculture. 

FRANK 0. WETS, Jr. 
U. S. Department of Agriculture, 
Fort Collins, Colo. 

Recent developments in the chemistry and availability of micronutrients are difficult 
to generalize because of the great diversity in their chemical properties, their reactions 
with soil, and the plant roots’ ability to absorb them from the soil. Five chemical pools for 
each cation are postulated based on solubility, exchange reactions, and chemical form. 
The micronutrient anions cannot be separated into equally definite pools. These pools 
are discussed in relation to research on soil tests and significance to plant absorption. 

UBLIC INTEREST in the mineral P micronutrients is at an all time high 
and will undoubtedly increase as more 
instances and kinds of deficiencies are 
brought to light. The correction of a 
micronutrient deficiency in vegetation 
or of a malady in livestock by the ap- 
plication of a microelement to soil or to 
foliage-often only a fraction of an ounce 
of the element to an acre-offers some 
of the most spectacular instances of man’s 
domination of nature. 

Since about 1860 when Fe was shown 
to be needed by green plants, the list of 
essential micro or trace elements has 
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grown steadily as experimental tech- 
niques and methods for removal of trace 
element impurities from chemicals and 
water improved. Micronutrient cations 
required by higher plants now include 
Fe, Cu, Zn. and hln.  Cobalt is essential 
for legume bacteria in the fixation of 
nitrogen from air and, hence. is basic to 
our agricultural economy Some species 
of plants require or are benefited by Na. 
also. The list of micronutrient anions 
now includes B. h4o. and CI. Interest 
in micronutrients does not stop at what 
plants alone need, but includes those 
additional ones needed by animals and 
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not supplied in adequate amounts by 
forage and grain. Additional ones are 
Co for microbial synthesis of vitamin B12 
(which contains Co) in the gut of rumi- 
nants; I for the thyroid hormone. thy- 
roxine; Se for prevention of white 
muscle disease; and possibly Ba. Sr. 
and Br ( 7 ) .  

The only property that the micro- 
nutrients have in common is that plant 
and animal requirements for them are 
small in contrast to their requirements 
for the macroelements. Holvever. even 
Ivithin the trace group for plants, large 
differences in requirements occur (25). 



For example, 0.5 p.p.m. Mo in most 
plants is adequate, 'but Fe must be pres- 
ent in concentratiorxs of about 100 p.p,m. 
on a dry-weight basis. Each micro- 
nutrient has its own specific functions in 
the enzyme systems of organisms, but 
knowledge of these functions only em- 
phasizes their importance and helps 
little in understanding their chemistry 
and availability in the soil. 

The micronutrient cations in their 
available state in the soil generally occur 
in the divalent form (Fe may also be tri- 
valent) and so are subject to strong 
adsorption on the negatively charged 
clay and humus. The micronutrient 
anions sho\v more (diversity in their ad- 
sorption reactions. Chloride displays 
negative adsorption Borate and molyb- 
date are adsorbed or precipitate in some 
soils and not in others. 

'1'0 bring some order into a discussion 
of current research on microelements 
that have so little in common? the con- 
cept of the chemic;il pool based on ex- 
change and solubility reactions has con- 
siderable merit. 

The Concept of Chemical Pools 

For at least a century, soil has been 
extracted with water, salt solutions, 
acids, and bases. 'l'he amount extracted 
could vary from none for some elements 
like Zn when water was used to almost 
the total amount in the soil when strong 
acids and heat were used. In  other 
words, the amount of an element ex- 
tractable from the soil made a continuous 
array between nor,e and almost all if 
enough reagents arid variations in pro- 
cedures were used. 

'l'he problem is one of making chemi- 
cal and physiological sense out of the 
soil-plant system when so little is really 
known about the physical chemistry of 
the micronutrients in the soil system 
and the plant's rcactions to it.  The 
chemical pool is simply the amount of 
an element in a given state that can be 
estimated by extraction and isotopic 
dilution techniques. The chemical pool 
of each element is assumed to have the 
attributes of concentration, size. turn- 
over rate. and equilibrium with other 
pools of that element. 

Micronutrient Cation Pools. The 
gencralized pools flor the cations based 
largely on exchange and chelation 
reactions are depicted in Figure 1. 
'This diagram is not a spatial representa- 
tion of the pools a3 they occur in soil, 
but is rather a convenience for under- 
standing thc solubility and availability 
of the micronutrient cations. At the 
center is water-soluble pool A containing 
nonadsorbed ions and ions adsorbed on 
suspended colloids that are estimated on 
a displaced soil solution or an aqueous 
extract of the soil using various soil-to- 
water ratios-i.e., 1:l and 1:5,  The 
effect of the soil's own pH (or exchange- 

able redox potential, and concen- 
tration of other ions on the ion being 
considered are variable factors affecting 
this pool. This pool is usually small 
or almost nonexistent for Zn and Cu, 
and very small (< 1 p.p.m,)  for Mn 
and Fe in well aerated neutral soils. 
Poor aeration (low redox potential) 
coupled with low p H  can markedly in- 
crease the size of this pool for M n  and 
Fe, but has little effect on Zn or Cu. 
This pool can be increased for a time in 
very sandy soils with Cu. Zn, or M n  
fertilization. 

Next is pool B obtained by extracting 
the soil with weak cation and anion ex- 
changers, neutral 1.V ammonium acetate 
being commonly used. This pool us- 
ually includes water-soluble pool A and 
so is shown as a concentric circle around 
A .  Pool B is larger than B but for Zn 
and Cu is still small except on some soils 
well supplied with these elements. Ex- 
changeable M n  of pool B is frequently 
used for predicting adequacy of M n  
(23, 27). 

Pool C contains cations that can be re- 
placed only by the mass action of cations 
with similar affinities for the absorbent 
or by extraction with chelating agents. 
Abundant evidence obtained in the last 
10 years confirms the existence of such a 
pool in which micronutrient cations are 
absorbed with great affinity by clay 
and humus of the soil. Pool C) as usually 
determined, includes pools 8 and C )  but 
it can be estimated separately. Some 
examples of evidence for this pool are: 
Hodgson (70) found that Ca saturated 
montmorillonite absorbed CoT2 in the 
presence of 0.l.V CaC12. Part of this 
absorbed Co could be desLrbed by  CUT^ 
or Zn+2. but not by CaT'. l f g f " .  or 
NH:. He called these reactions of 
Zn+2 and Cu'? for Cof2  specific exchange 
reactions and the Co. chemisorbed. A 
fraction of the absorbed Co+ could not 
be displaced even with 27; acetic acid 
and presumably became part of thc crys- 
tal lattice of the clay ( p o l  D). 
Miller and Ohlrogge (77) found a frac- 
tion of added Zn in soil that could be 
removed by a 2.Y KC1-CuC1. solution 
or by aqueous extracts of organic mate- 
rials, but could not be removed by 2.Y 
KCI. Walker and Barber (27 )  found a 
fraction of Mn. which they termed che- 
lated, in 12 Indiana soils that could not 
be extracted with 1 S  neutral ammonium 
acetate but could be extracted with 
0.03iV Zn(N03)z. 

Chelating agents like EDTA appear 
to measure this pool of strongly adsorbed 
and chelated or complexed cations, and 
may dissolve some inorganic precipi- 
tates of Zn. Fe. Cu, and M n  as oxides, 
hydroxides, phosphates, and carbonates 
on fertilized soils. Shaw and Dean 
(22) found that 1.V neutral ammonium 
acetate extracted no Zn from three 
soils but that the two-phase system of 
neutral 1 S  ammonium acetate and CClr 

Figure 1. The postulated pools of 
micronutrient cations in soil 

A. Water soluble 
B. Cations exchangeable by o weak exchonger 
like NHr' 
C. Adsorbed, chelated, ar complexed ions ex- 
changeable by other cations possessing high 
affinities for exchange sites or extractable with 
stronger chelating agents 
D. Micronutrient cations in secondary clay 
minerals and insoluble metal oxides 
E. 
The pools collectively hold the total amount of 
that element in the sail 

Cations held in primary minerals 

containing dithizone extracted from 0.6 
to 4.3  p,p ,m,  Epstein and Stout (7) 
previously used this two-phase system 
for quantitative removal of added Znez 
from bentonite. Studies by l-iro (26) 
showed about 90% recovery of Zn and 
Cu by ammonium EDTA at pH 7 when 
Zn and Cu lvere added a t  the rate of 1 
p.p.m. each to five acidic soils, whereas 
neutral 1 ammonium acetate recovered 
only 41y0 of the Zn and 1170 of the Cu.  
Removal of Zn from soils with ED~I'A is 
consistently higher than the removal 
Lvith ammonium acetate (7<?. 2 l ) .  
Chelating agents vary enormously in 
their ability to extract ions depending on 

r constant of the chelate and 
the cation (76'). To estimate pool c 
\vith chelates. ones with high stability 
constants must be used. 

Pools A .  B,  and C are undoubtedly i n  
reversible equilibrium with one another 
as indicated by the double arroLvs in 
Figure 1 .  \vith equilibrium being estab- 
lished quickly. hficronutrient cations 
in these pools appear to be readily avail- 
able to plants. Pool C is of the greatest 
siqnificance to plants because of its size. 

Around these three central pools of 
Figure 1 are the secondary minerals of 
pool D and the primary minerals of pool 
E. They are separated by a broken 
line because of the difficulties of separat- 
ing them by chemical methods. The 
secondary minerals are precipitates that 
are highly resistant to weathering, and 
the layer silicate clays that may contain 
micronutrient cations in various degrees 
of isomorphous substitution for A1 and Si 
and by occlusion. The clays, in addi- 
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tion to providing adsorption sites for 
pools B and C, are probably sinks in 
which the cations become nonextractable 
and probably unavailable to plant roots. 
Hodgson (70) has shown that a portion of 
the Co added to montmorillonite cannot 
be displaced. That  portion of the Zn 
added to a soil that cannot be extracted 
with 0.1N HCl and that increases with 
time (3, 4)  probably enters a clay lattice. 
The  equilibrium between pool D and 
pools C, B,  and A is established slowly 
and may be largely through the solution 
phase of pool A ,  although contact migra- 
tion is a possibility ( 7  7).  

Pool E contains the primary minerals 
of the soil. By definition, this pool is 
not in reversible equilibrium with the 
other pools. This pool probably releases 
its cations to the other pools through 
pool 4 ,  although contact migration can- 
not be ruled out. Pool E may be large 
in arid and semiarid: unweathered soils 
but may be small or  have disappeared in 
highly weathered soils. The primary 
minerals in weathering probably release 
a greater proportion of their micronu- 
trient cations in available form than do 
the highly stable sexndary  minerals of 
pool D.  

All pools added together constitute 
the total content of the element in the 
soil. Total content is of little value in 
predicting sufficiency or  deficirncy of a 
micronutrient except where the total 
content is very low. 

The ubiquitous H ion is difficult to 
f i t  into the postulated pools as an ex- 
tracting or replacing agent. This is 
not too surprising since in analytical 
schemes its concentration may vary 
over seven or eight orders of magnitude 
-Le.. p H  8 or 9 to 1. Hydrogen ion is 
highly competitive in adsorption re- 
actions depending on its concentration, 
At neutrality, it measures only pool '4. 
As its concentration is increased, it 
extracts pool B,  then C. and finally a t  
higher concentrations it may attack 
pools D and E. Strong acids at high 
temperature may extract virtually all 
pools. It dissolves. neutralizes. and 
destroys adsorbing surfaces? making 
intcrpretations of exchange relationships 
difficult. I t  is unfortunate that acids 
have been rhe basis of so many extrac- 
tion procedures. 

The  pools shown in Figure 1 are 
arbitrary but recognizable. Further 
research will show the identity of these 
pools and the equilibrium and rates of 
equilibrium that exist among them. 
They are presented here to facilitate, a t  
least in a qualitative way. a better 
understanding of the micronutrients. 

Fitting organic matter and humus 
into a scheme of pools involves con- 
siderable speculation. Return of crop 
residues and organic manures to the 
soil where they are broken down by 
microbes adds micronutrients to the 
system. Lt'hether the micronutrient 

cations are released into pool A or 
whether they are retained adsorbed or 
complexed on surfaces of materials that 
eventually become humus is not known. 
When organic decomposition occurs in 
soil. water-soluble M n  can increase in 
pool ,4, but this may be due to reduction 
because of poor aeration and a con- 
sequent shift in equilibria among pools 
A,  B. and C. I n  many soils, humus or 
organic matter contributes appreciably 
to the cation exchange capacity. This 
contribution is about 2.8 meq. per 100 
grams for each change of 170 in organic 
matter (20) for Ramona sandy loam 
in southern California for ions exchange- 
able with ammonium acetate, but this 
relationship is different for organic 
matter of different soils. Such in- 
formation is not available for micro- 
nutrients. However? much evidence 
shows that humus is active in complexing 
or chelating micronutrients. Humus 
may be the absorbent of greatest 
importance for pool C in many soils. 
Bremner et  ai. (5) suggested that the 
micronutrient cations may be respon- 
sible for stabilizing humus in soil. 

Management and fertilizer practices 
and soil formation can be understood 
more readily through the pool approach. 
For example. poor soil aeration. es- 
pecially if accompanied by low pH. 
greatly expands the water-soluble pool 
A of Mn'2 and Fef2 at  the expense 
largely of the oxides in pool D ,  although 
the other pools may be affected too. 
Good aeration or  increase in the redox 
potential has the opposite effect. Acid- 
ification of a soil increases the avail- 
ability and the amount of Zn free to 
move in the soil water. This Zn may 
come largely from the B and C pools. 
Podzolic soils which are highly acidic 
in the surface show an impoverishment 
of Zn and Cu in the .4 horizon and 
their accumulation in the B horizon 
(28). Liming a soil has an effect 
opposite to that of acidification: micro- 
nutrient cations in the soil solution, 
especially MnfY and Fef2,  virtually 
disappear. However, this does not 
mean that liming induces micronutrient 
deficiencies, although overliming of some 
acid soils does do  this. When a water- 
soluble cation like Zn+2 from ZnSO, 
is added to a soil, it quickly migrates 
from the water-soluble pool A through 
the weakly exchangeable pool B to the 
C pool where it can be extracted with 
O.l.Y HC1 (78). Finally, much of it 
migrates slo~vly to an unidentified 
secondary mineral of pool D where it is 
nonextractable with O.lAY HC1 and 
becomes unavailable to plants ( 3 ) .  

Micronutrient Anion Pools. I n  con- 
trast to cation pools. those for anions are 
much less \vel1 defined. Chloride is an  
essential element for plants ( 6 ) .  but 
deficiency in the field is unknown. I t  
occurs in the primary minerals of soil 
(pool E ) ,  and because of its negative ad- 

sorption in soils C1- remains in pool A 
when added in fertilizers or irrigation 
waters. In  excess amounts, it can 
produce specific injury to some crops 
and contribute to a general salinity 
problem. 

Boron occurs in pool E largely as the 
primary mineral tourmaline. Much 
of the boron in soils is complexed with 
humus probably in pool C. where its 
release to plants is presumably de- 
pendent on soil moisture affecting root 
groxvth and microbial activity. This ex- 
planation has not been proved, however. 
Soluble borate added to soil is weakly 
adsorbed, the adsorption following a 
Langmiur isotherm (2, 9 )  and increasing 
as pH increases (79) .  Boron fixation is 
also dependent on clay content. Soluble 
borate added to soils remains largely in 
pool '4 where it can be toxic to sensitive 
species if too much is applied. It 
accumulates in some southwestern arid 
soils and care in its use is essential 
where drainage water is reused. 

Molybdenum occurs in all the pos- 
tulated pools. Adsorbed ?vlo04-' is 
replaceable by oxalate. phosphate. and 
hydroxyl ions. Liming increases the 
availability of Mo and increases the 
size of water-soluble pool A ( 7 4 .  Under 
acid conditions, it precipitates \\.it11 the 
oxides of iron and to a lesser extent tvith 
aluminum and titanium (27) of pool D. 
\Vater-soluble molybdate added to soil 
remains largely in pool A so that ex- 
tremely small amounts added to a soil 
will correct a deficiency. Poorly drained 
granitic soils of California and Nevada 
accumulate so much available molyb- 
date that the grasses and clovers are 
toxic to livestock (75). 

Nutrient Availability and Pools. 
The  solution theory holds that any ion 
in the soil solution (pool -4) is available 
to the plant if the root is capable of 
absorbing it. Any ion in the pools 
other than '4 must pass into solution 
and move to the plant root by diffusion 
or mass flow of water before being 
absorbed. Root extension into un- 
explored zones shortens the distances 
enormously. In  the solution theory, 
H- produced by roots either directly or 
from CO: reaction with water is pos- 
tulated as a displacing agent b-tween the 
solid and solution phase. 'rhis action 
of H t  is not fundamental to the theory. 
however. A corollary of the solution 
theory is the possibility that plant roots 
or microbes of the rhizosphere produce 
chelating organic acids that can solubilize 
cations and transfer them to pool A .  
If solution (pool A) is the only operative 
mechanism of transport to the plant 
root, then pool A and the rate of its 
equilibration with the other pools is 
extremely important. 

The  contact theory (72) holds that 
an ion can pass directly from the 
adsorbed state on the solid phase to the 
root in exchange for an adsorbed H +  
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or other ion without going through the 
solution phase of pool A The contact 
theory has appeal as an adjunct to 
the solution theory in a t  least qualita- 
tively explaining how plants can absorb 
elements from extremely insoluble com- 
pounds like hlnO2. Fe(OH)3. CuS, and 
Zn compounds soluble only in 0 . 1 S  
HCI, particularly \I hen they are highly 
divided. In  other words. plants can 
get ions from soils where there are no 
measurable ‘4 and U pools and sometimes 

Although the solution theory is well 
established in plant nutrition, it has 
not yet been established as adequate to 
explain all soil-root-uptake phenomena. 
Likewise. the contact theory has not 
been established as an essential mech- 
anism. Certainly, “microregion“ phe- 
nomena, as Glauser and Jenny (8) put it, 
are involved in the mechanism of up- 
take of micronutrient cations from the 
solid phase holding pools C and D. 
These several theories are recounted to 
illustrate the state of uncertainty that 
exists in understanding this vital bridge 
in soil-plant micronutrient relations. 

c pools 

Fertilizer Practice and the Concept of 
Pools 

The microelements added in fertilizers 
to soils react with them and end up in 
one of the postulated pools where they 
may be available, or unavailable, or 
even toxic to plants. For example. 
addition of soluble inorganic iron com- 
pounds for correction of iron chlorosis on 
calcareous soils is ineffective partly 
because they go so quickly from pools A 
through the others to D. Iron contained 
in some soluble organic chelates added to 
soil remains in pool A long enough to be 
an effective, but generally expensive, 
control. \Vater-soluble Zn compounds 
generally revert to pool C so fast that 
compounds that are soluble in 0.1x’ 
HC1 like Z n O  and ZnCO, are just as 
good for correction of Zn deficiency as 
ZnSO, (3,). In  a season: the plant can 
get only 2 or 37, of the Zn that is added. 
‘l‘his fixation can be tolerated only 
because Zn is cheap. To slow down this 
rapid reversion of micronutrient cations 
to pools of lower solubility, placement of 
Lvater-soluble matexials in bands or their 
incorporation in frits or glasses so that 
there will be slow release to pool A is 
tried \vith varying degrees of success. 
‘1.0 pre\rent too much accumulation of an 
element like boron in pool A where it 
can be leached or be toxic to sensitive 
plants. the use of boron in frits, glasses, 
and rrlatively insoluble borates is prac- 
ticed. 

Soil Testing ond the Concept of Pools 

In  their search for better methods to 
characterize the fraction of nutrients in 
the soil available for plant uptake, soil 

chemists have changed their methods as 
their concepts of soil-plant relationships 
changed, Through the first two decades 
of this century? the chemist‘s interest 
was on total analysis of the soil-an 
estimate of the total pool. This ap- 
proach gradually lost favor as marked 
discrepancies between total content and 
availability were noted. A modern 
example is the extensive zinc deficiency 
now noted on many \vestern irrigated 
soils that contain average to high 
amounts of total Zn. This era of total 
analysis was followed with one of 
emphasis on the solution that could be 
displaced from the saturated soil with 
water or air. Extraction of the soil 
with water was a kindred attempt to 
measure pool A .  For the micronutrient 
cations. these procedures generally failed 
because pool A was small or practically 
nonexistent except in rare circumstances. 
For Lveakly adsorbed boron. extraction 
with hot water is now standard practice 
in soil testing. Water extraction of 
nitrate. frequently after an incubation 
procedure to enlarge the pool from 
organic nitrogen decomposition, is also 
an estimate of pool A .  For the cations, 
interest shifted to estimating the ex- 
changeable cations with ammonium 
acetate and other weak displacing 
cations. Pools A and B were thus 
combined. In  the 1930’s. there was 
much interest in attempting to imitate 
the solvent action of plant roots by using 
dilute acidic solutions and CO?-charged 
water for extraction. 

The current trend in estimating 
availability of micronutrient cations is to 
extract the soil with more vigorous 
reagents in an attempt to establish the 
best possible correlation of extractable 
cation \vith actual plant uptake. In  
some cases. this research can be in- 
terpreted in relation to the pools dis- 
cussed here. Walker and Barber (27) 
estimated the exchangeable Mn of 
12 Indiana soils with ammonium acetate 
(pools A and B )  and with Zn(NO3)s 
(pool C). The exchangeable M n  was 
correlated ( r 2  = 0.81) with the plant 
uptake of Mn,  but the correlation 
could not be improved by the inclusion 
of pool C. The exchangeable h ln  was 
highly correlated ( r2  = 0.74) with the 
difficultly exchangeable h ln  extracted by 
Znf2 .  Thus, the M n  of pools B and C 
appears to be in reversible equilibrium, 
and an estimate of pool B alone was 
sufficient. Tucker and Kurtz (24)  
reported high correlations among the 
amounts of Zn extractable from 14 soils 
with various reagents and with Zn 
extracted by Aspergillus niger-. This is 
evidence that equilibrium among the 
pools is rapidly re-established. 

hlany examples of this approach to 
understanding of the availability of 
microelements in relation to their extract- 
ability could be cited, but the data are 
often difficult to interpret in relation to 

the conccpt ol  pools  C.ertainl\ more nt- 
tention should be paid to the relationship 
of absolute anwunts of nutrients in the 
pools and plant uptake. and not stop at 
establishment of correlations and regres- 
sion equations. 

Discussion 

‘The concept of pools differing in size 
and turnover rates has been applied to 
nitrogen in soils and ecosystems. and to 
forms of S and P in oceans. Such 
concepts have equal usefulness in under- 
standinq the chemistry of soil and the 
form and placement of fertilizers into it 
for maximum effectiveness. 

The pools of micronutrients in soils 
can now be defined, at best, only very 
qualitatively because of lack of knowl- 
edge of the chemistry of the system and 
the plant roots‘ behavior in relation to 
that system. ‘l‘his complexity should 
not discourage forging ahead toward an 
understanding of the chemical pools 
involved. 
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I M I C R O N U T R I E N T  SHORTAGES 

Micronutrient Deficiencies in the 
United States 

KERMIT C. BERGER 
Soils Department, 
University of Wisconsin, 
Madison, Wis. 

The Trace Element Committee of the Council on Fertilizer Application has listed 
the known micronutrient deficiencies, by crop, as reported by research workers in each of 
the 50 states. The results show these deficiencies to be widespread with boron being 
reported as deficient in one or more crops in 41 states, copper in 13, manganese in 25, 
molybdenum in 21, iron in 25, and zinc in 30. Boron-deficient alfalfa was reported in 38 
states, and zinc-deficient corn in 20. Crop needs for micronutrient elements are expected 
to continue to increase in the future. The areas of micronutrient deficiencies within the 
state are generally quite limited and are not nearly as extensive as are the areas of de- 
ficiencies of nitrogen, phosphorus, and potassium. Promiscuous use of micronutrient 
elements as a soil application should not be encouraged because of the dangers of 
building up toxic quantities of these elements. 

HE RECOGNITION of the need of T micronutrient applications to crops 
becomes greater each year because more 
research is being done on micronutrients, 
soils are becoming more depleted in 
them, and crop yields are increasing 
throughout the L. S. For example, in 
Wisconsin, copper and zinc \vere suf- 
ficient at a 100-bushel level of corn. 
Increasing major nutrient element fer- 
tilization increased the yield about 25 
bushels per acre. The addition of 2 
pounds of copper oxide and 10 pounds 
of zinc sulfate further increased the 
yield by 16 bushels. 

The Trace Element Committee of 
the Council on Fertilizer .L\pplication 
surveyed the micronutrient needs by 
crops in the C .  S. The results obtained 
for boron. copper. iron, manganese, 
molybdenum, and zinc are presented 
here. 411 50 states reported in answer 
to a questionnaire. The results of the 
survey listing the micronutrient de- 
ficiencies by crop for each state are 
given in Figures 1 to 6. 

For the most part, areas of micro- 
nutrient deficiencies within the state 
are too widely scattered to be delineated. 
However, in some instances. deficiencies 
are relatively isolated to a few soil 

types and are well defined. In  some 
states. peat and muck soils are deficient 
in one or more of the micronutrient 
elements for all crops grown. A general 
recommendation is usually given for all 
vegetable crops on these soils. 

Boron 

Boron deficiencies, reported in 41 
states: are the most widespread of all 
micronutrient deficiencies (Table I). 
States having boron deficiency are 
shown in Figure 1.  Alfalfa, reported 
boron deficient in 38 states, leads all 
crops for all micronutrient deficiencies 
reported (Table 11). Boron deficiencies 

Table 1. States Reporting Micro- 
nutrient Deficiencies in One or 

More Crops 
Micronutrient Number of 

Deficiency States 

Boron 41 
Copper 13 
Iron 25 
Manganese 25 

Zinc 30 
Molybdenum 21 

occur largely in more humid regions 
of the country and are not reported in 
arid regions of low rainfall where boron 
contents of soils and waters are high. 

Table I I .  Extent of Micronutrient 
Deficiencies in United States" 
Crop States Crop Stater 

BORON COPPER 
Alfalfa 38 Corn 3 
Beet 12 Fruit trees 3 
Celery 10 Grasses 3 
Clover 13 Onion 7 
Cruciferar 25 Small grains 4 
Fruit trees 21 

IROS 
MANGANESE 

Bean 13 
Bean 5 Corn 5 
Corn 3 Fruit trees 9 
Fruit trees 11 Smallgrains 10 
Grasses 7 Spinach 8 
Shade trrrs 7 
Shrubs 11 Z I K C  

7 
20 

Alfalfa 13  Fruit trees 12 
Clover 6 Nut trees 10 
Cruciferae 9 Onion 4 
Soybean 3 Potato 3 

M O L Y B D E N U M  Bean Corn 

a Deficiencies also observed on many 
other crops but with less frequency. 
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